Abstract For further improvement of osseo-integration of bone crystal with a dental implant, a design optimization study is carried out for various holes inside its body to deliver bioactive materials and the effect of bioactive material injection on the bone crystal growing. When bioactive material is absorbed, the bone crystal can grow into holes, which would increase the strength of implant bonding as well as a surface integration. The stress concentrations near the uppermost outlet holes were reduced with increasing the number of outlet holes. A design improvement in the uppermost outlet was shown to be effective in reducing the stress concentration. For design parameters under consideration in this study, total area of outlet of 6.38 mm 2 and maximum stress of 1.114 MPa, which corresponds to type 6-C. It is due to the minimization of maximum stress and total area of outlet. The design of the outlet facing down was more effective in reducing the maximum stress value compared with a horizontal symmetry.
Introduction
A dental implant is an artificial tooth root used in dentistry to support restorations that resemble a tooth or group of teeth [1] . Dental implants can be used to support a number of dental prostheses, including crowns, implant-supported bridges or dentures [2] [3] [4] . It is necessary to lengthen the lifetime of implants and to accelerate the formation process of the bone materials. Until now, there is little research on the improvement of the initial anchorage of the implant as well as the preservation of the strength of the bone materials to implant interface. Moreover, the previous results are not satisfactory and further technical studies are required. In general, the bone crystal obtained from carbonated hydroxyapatite with lower crystallinity make globular and plate structures distributed among the collagen fibrils of bone, and then relatively large structure [5] .
The encapsulated biological agents are loaded into hollow and porous implants, and promote the formation of bone materials or tooth structures. A combination of porosity and controlled release techniques produces a novel dental and/or orthopedic implant system which accelerates bone materials and osseo-integration (integration of titanium into host bone materials or teeth). The technology of controlled release delivers scheduled doses of formation factors and/or other chemical and/or pharmacological substances in a pre-defined temporal and spatial manner to promote bone material and/or osseointegration. The physical signs of the pores and hollow cylinder can be altered to optimize bone materials and/ or osseo-integration.
A majority of dental implants currently available are in shape like small screws, with either tapered or parallel sides. They can be placed simultaneously as a tooth is removed by engaging with the bone materials of the socket wall and sometimes also with the bone materials beyond the tip of the socket. Recent research shows that implants placed straight into an extraction socket have comparable success rates to those placed into healed bone materials [6, 9] . The radiographic results of immediate restorations of dental implants placed in fresh extraction sockets, for the temporary crowns placed at the same time, have been shown to be comparable to those obtained with delayed loading, for the crowns placed weeks or months later, in carefully selected cases [7] .
A typical implant consists of a titanium screw resem-Design optimization of the outlet holes for bone crystal growing with bioactive materials in dental implants: Part II. …… 77 bling a tooth root with a roughened or smooth surface. A majority of dental implants are made out of commercially pure titanium, which is available in 4 grades depending upon the content amount of carbon and iron.
More recently the use of titanium of grade 5 has increased. Titanium 6AL-4V, is known to offer osseointegration levels similar to commercially pure titanium. The Ti-6Al-4V alloy offers better tensile strength and fracture resistance. Today most chosen implants are made out of commercially pure titanium (grades 1 to 4) but some implant systems are sometimes fabricated out of the Ti-6Al-4V alloy. In general, implant surfaces may be modified by plasma spraying, anodizing [8] , etching or sandblasting to increase the surface area and the integration potential of the implant. An implant, be it dental, orthopedic or other, is usually a biologically compatible material, like titanium, which is surgically inserted within the body to replace defective structures such as bone materials or teeth. Although these implants are becoming more commonplace, problems still remain in the area of osseo-integration, both immediate and long-term. Most of implant procedures focus on mechanical repair not considering the regeneration of bone materials. The replacement of bone materials such as hip joints that initially osseo-integrate properly deteriorate years later because of osteolysis at the bone materials to implant interface.
In this study, we investigate the changes of the maximum stress at the outlet holes with increasing the size and the number of outlet holes or by altering either the shape or location of outlet holes, and discuss over correlations between the design elements and the mechanical properties.
Research Procedure
A two dimensional simulation was carried out by the finite element method [10] , which covered parameters such as the structural properties of an implant, the stress distribution, and properties of holes such as location, shape, and the number. For the numerical investigation, the diameters of 0.2 to 1 mm and 0.2 to 2 mm were chosen for an inlet and an outlet of a hole, respectively. Locations of an inlet, outlets, and connecting holes were varied to optimally re-distribute and reduce stress on an implant. The number of outlets was varied from 2 up to 5. We used COMSOL, a multiphysics FEM tool, to make two dimensional model of an implant and mandible and analyzed stress distribution before and after bioactive material was injected through holes. Since COMSOL can simulate three dimensional models, this two dimensional model will serve as a starting point for the comprehensive analyses described. As the further study, the three dimensional structural design is needed based on the two dimensional analysis, and also considers a situation when bone materials fill those holes from outlets. The three dimensional simulation will include specific requirements for implant administration and this will improve three dimensional models in applications for diverse patients. The formation process of bone materials with biological factors like mechanical properties of bone materials around and inside of an implant system is studied with the resulting transient simulation.
Results and Discussion
The number of outlet holes is a design element related to the cross-sectional area of the outlet holes as well as the shape of the outlet holes. One of widely used methods to reduce the maximum stress value is to increase the cross-sectional areas of the outlet holes, and especially the uppermost outlet design improvement is more effective in reducing the stress concentration. Triangular elements were used to make a mesh, and implanted and outlet areas had dense elements for more accurate analysis. Models consisted of 9,778 elements for an implant with one inlet and four outlets. Titanium beta-215 was used to model an implant fixture (Table 1) . We assumed that bone crystals grow and fill the holes after bioactive material is applied if it was absorbed and leaved holes. In this case the bone crystals filling the holes are assumed to be compound of both cortical and cancellous bone crystals. Since this situation was not reported yet, the mechanical property of this compound was determined by the surface ratio of cortical and cancellous bone crystals. Loads applied in the analysis was set to be 400 N/m downward and 75 N/m right, which was a bit greater than those usually applied in a real patient. The load was set to be evenly distributed in the upper part of the implants.
Boundary conditions are like this. On the top of Implant Loading ). In Fig. 1 , the diameters of injection and outlet holes were fixed, and the number of outlet holes was varied from 3 to 5 to study the effects of the number of the outlet holes on the design optimization. The boundary conditions including the loadings and the density of the mesh of 9,000~10,000 are kept at the same values. With increasing the number of outlet, the corresponding area is increased with an increase of 0.0314 mm 2 . As shown in Figs. 2~4, from the viewpoint of the stress contours, the maximum stress value was reduced as the number of the outlet holes was increased (1.902 MPa > 1.757 MPa > 1.718 MPa). However, the reducing rate of the maximum stress value with the increasing number of the outlet holes showed a decreasing trend (from 4-A to 5-B, 7.6%, and from 5-B to 6-D, 2.2%), as shown in Table 1 . The result, that the stress concentrations near the uppermost outlet holes were also reduced with an increasing number of outlet holes, is worthy of notice. These results were summarized in Table 1 .
In Fig. 5 and Table 2 , the various shapes of outlet holes were analyzed and summarized to study the effects of the shape of the outlet holes on the design optimization. In the case of the same cross-sectional area of the outlet holes, the maximum stress value was increased from 1.348 MPa (Type 6-B) to 1.403 MPa (Type 6-E). This proved that the shapes of outlet holes could be the one of the design elements. The design of the outlet facing down was more effective to reduce the maximum stress value than that of the horizontal symmetry. The Type 6-G with the largest cross-sectional area and Type 6-C showed the similar maximum stress values. Type 6-C (cross-sectional area = 6.38 mm 2 , maximum stress = 1.114 MPa) and Type 6-F (larger cross-sectional area = 8.64 mm 2 , larger maximum stress = 1.991 MPa) confirmed that the shapes of outlet holes could be the one of the design elements. Therefore, the studies on over- all shape optimization of the shape, location, number, and so on, of the outlet holes, are carried out.
Conclusions
The stress concentrations near the uppermost outlet holes were also reduced with an increasing number of outlet holes. The conclusion, that the uppermost outlet design improvement was most effective to reduce the stress concentration and improve the growth rate of bone crystal, could be drawn. This conclusion is not out of sense considering the loads in the boundary condition. After the design optimizations, Type 6-C had provided the best results in this study. Type 6-C design had the 3 cone-shaped outlet holes (0.4 mm inlet diameter and 1.0 mm outlet diameter) and 2 larger cross-sectional area of the upper outlet holes (0.4 mm inlet diameter and 1.6 mm outlet diameter) facing down, and showed the lowest value (1.114 MPa) of the maximum stress and the stress concentration was also decreased dramatically farther away from the uppermost outlet holes. The various shapes of outlet holes were analyzed, and the design of the outlet facing down was more effective to reduce the maximum stress value than that of the horizontal symmetry. The Type 6-G with the largest cross-sectional area and Type 6-C showed the similar maximum stress values. Type 6-C (cross-sectional area = 6.38 mm 2 , maximum stress = 1.114 MPa) and Type 6-F (larger cross-sectional area = 8.64 mm 2 , larger maximum stress = 1.991 MPa) confirmed that the shapes of outlet holes could be the one of the design elements. Therefore, the overall shape optimization studies on the shape, location, number, and so on, of the outlet holes, should be carried out further. These results of this study will be used to obtain the transient solutions considering shape optimizations and bioactive factors. 
